Abstract: Feeding behavior is regulated by feeding-related peptides in the hypothalamus. The neurons of the arcuate nucleus (ARC), which produces feeding-related peptides, develop and function by three weeks of age in rodents. Because rodents are weaned at three weeks, we studied whether the process of weaning is involved in the development of ARC neurons using monosodium glutamate. Rat pups injected neonatally with monosodium glutamate ingested a large amount of mother's milk at weaning. Monosodium glutamate treatment induced a decrease in the number of ARC cells and mRNA levels of neuropeptide Y and agouti-related protein in the hypothalamus. The alteration of milk consumption following monosodium glutamate treatment appears to cause failure of ARC neuron development and neuropeptide expression.
The hypothalamus plays an important role in the regulation of food intake and energy homeostasis [2] . The arcuate nucleus (ARC), which is located at the base of the hypothalamus adjacent to the third ventricle, contains at least two distinct populations of neurons involved in the regulation of food intake [8] . One population of neurons in the ARC secretes neuropeptide Y (NPY) and agouti-related protein (AgRP), and a different population expresses proopiomelanocortin (POMC) and cocaineand amphetamine-related transcript (CART) [8, 14] . Neuropeptide Y secretion strongly stimulates food intake and food restriction activates NPY mRNA expression in ARC neurons [9, 23] . In contrast, POMC mRNA expression is reduced in the hypothalamus during fasting. Alpha-melanocyte-stimulating hormone (a-MSH), one of the peptides resulting from POMC cleavage, suppresses feeding by binding to the melanocortin receptor [16] , thereby reducing food intake. An endogenous antagonist of a-MSH is AgRP, which potently increases feeding [20] . Furthermore, it is known that NPY not only stimulates feeding but also selectively promotes a diet high in carbohydrate macronutrients [22] . These neuropeptides interact to regulate food intake.
The ARC neurons are immature at birth and develop mainly during the first three weeks of life in rodents. The expression of NPY and AgRP mRNA is low in the ARC at birth and gradually increases until postnatal day 21 (P21). Neuropeptide Y-immunoreactive cell bodies are present in the ARC on P2. However, NPY-immunoreactive fibers do not significantly innervate the dorso--Note-medial hypothalamic nucleus (dMH) until P5-6, or the paraventricular nucleus (PVN) until P10-11. The adult pattern and density are achieved by P30 [11, 12] . It also has been shown that the distribution of AgRP steadily increases from P5 to P21 in the PVN and lateral hypothalamic area (LHA) [19] .
During the first two postnatal weeks, mother's milk is the only food ingested by rodents. The pups begin to nibble on solid food around P18. Milk intake gradually decreases, then completely disappears by four weeks of age. While mother's milk consists primarily of fats and proteins, solid food eaten during and after weaning consists largely of carbohydrates. Thus, the process of weaning is related to changes in nutrient requirements in pups. In this study we investigated the possibility that the process of weaning contributes to the development of ARC neurons by injecting monosodium glutamate (MSG), which is neurotoxic and known to induce neuronal damage in the ARC [1] . It has been reported that MSG-treated animals show decreased NPY content in the ARC and other hypothalamic nuclei and become obese in adulthood [1, 21] In this experiment, the consumptions of mother's milk and solid food were assessed from the gastric contents. The expression of neuropeptide genes for NPY, AgRP, POMC, and CART were analyzed in the hypothalamus of MSG-treated and control rats during the weaning period.
This study was approved by the Tamagawa University Animal Care and Use Committee and conducted in accordance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Jcl:Wistar rats (Clea Japan Inc., Tokyo, Japan) were mated and their litters served as subjects. Mothers and their litters were housed in a temperature-controlled room with a 12-h light/dark cycle (light on at 07:00), and given laboratory chow (MF, Oriental Yeast Co., Tokyo, Japan) and water ad libitum. Within two days of birth, litters were culled to ten pups. All pups of the litter were injected subcutaneously with MSG (SigmaAldrich Co., MO, USA) at doses of 4.0 mg/g or saline (vehicle) daily on P2-12 according to methods described previously [6, 21] . The numbers of male and female rats were equalized between MSG-treated (56 males and 53 females) and control (58 males and 62 females) rats. The MSG-treated rats and their controls were randomly selected from each litter and sacrificed between 13:00 and 14:00 every other day from P10 to P26 (the remaining pup from a litter was assigned to one of nine ages). The stomachs and brains were collected and used for the experiments as described below.
The gastric contents were collected and the coagulated milk was dissected away from the pigmented fibrous matter. These two components were weighed and the percentage of milk in the gastric contents was calculated (n=12-15 rats in each group by age) [13] . To visualize the morphological features of the hypothalamic nuclei, methylene blue staining was performed. The brains were fixed in 10% natural buffered formalin fixative at 4°C. Coronal sections through the hypothalamus (50-µm thickness) were made using a vibrating slicer (LinearSlicer Pro 7, dosaka EM Co., Ltd., Kyoto, Japan) and stained with methylene blue. The images of each section were captured with a digital camera (PdMC II, Polaroid Corp., NY, USA) attached to a microscope (BX-51, Olympus Corp., Tokyo, Japan). The ARC area and the number of cells were measured in the bilateral ARC of 4-5 sections from each brain (n=3) of P16 (pre-weaning), P22 (mid-weaning), and P26 (post-weaning) rats. To determine the expression of neuropeptide genes, total RNA was extracted from the hypothalamus of the P22 rat brain (n=8) using Trizol reagent (Invitrogen Corp., CA, USA). cdNA was synthesized from 10 µg of total RNA in a 40-µl reaction mixture by using a PrimeScript RT-PCR kit (Takara-Bio Inc., Shiga, Japan). Amplification by PCR was carried out in a total volume of 25 µl containing 0.25 µl cdNA, 0.2 µM forward primer, and 0.2 µM reverse primer. The PCR was run for 25-28 cycles to allow quantitative comparisons. Amplified products were resolved on 1.5% agarose gels and stained with ethidium bromide. The intensity of each band was evaluated with Image J software (NIH, http://rsb.info.nih.gov/ij/) and normalized against the level of glyceraldehyde-3-phosphate dehydrogenase (GAPdH) gene expression. Primer sequences were as follows: NPY (forward: 5'-GCTAGGTAA-CAAACGAATGGGG-3', reverse: 5'-CACATG-GAAGGGTCTTCAAGC-3'), AgRP (forward: 5'-AGAGTTCTCAGGTCTAAGTCT-3', reverse: 5'-CTTTGAAGAAGCGGCAGTAGCAC-3'), POMC (forward: 5'-AGGGCAAGCGCTCCTACTCC-3', reverse: 5'-CCCTTCTTGTGCGCGTTCTT-3'), CART (forward: 5'-CATGAGAAGGAGCTGCCAAGG-3', reverse: 5'-TCCTCGGGGACAGTCACACA-3'), and GAPDH (forward: 5'-ACCACAGTCCATGCCAT-CAC-3', reverse: 5'-TCCACCACCCTGTTGCTGTA-3'). data are expressed as the mean ± SEM (standard error of the mean) and were analyzed by Student's unpaired t-test to compare MSG-treated rats and controls. Probability <0.05 was considered significant.
The body weight of rat pups increased with age in both groups, with no difference in body weight between the control and MSG-treated groups (data not shown). The milk contents in the stomach increased until P20 and decreased thereafter. By P20-24, the milk contents of MSG-treated rats were significantly greater than in controls (Fig. 1A) . The solid food increased from P18 and was less in MSG-treated rats than in controls (Fig. 1B) . Total gastric content was not different between the groups. The percentage of milk in the gastric contents of MSG-treated rats was significantly greater than that in controls from P20 to 24 (Fig. 1C) . This result shows that the MSG-treated rat pups ingested a greater total amount of milk during weaning than the control rats did.
The results of methylene blue staining in the hypothalamus indicate that the area and the number of cells in the ARC of MSG-treated rats decreased on P16 as shown in Fig. 2A . Atrophy of the median eminence (ME) was also observed. The area of the bilateral ARC in MSG-treated rats was less than half that in controls by P16-26 (Fig. 2B) . The number of cells in the ARC increased with age in controls but did not change in MSGtreated rats. The cell number of ARC in MSG-treated rats was significantly lower than that in controls (Fig.  2C ). Monosodium glutamate treatment had no effect on other sites of the hypothalamus. Analysis of neuropeptide gene expression using RT-PCR showed that MSG treatment decreased the mRNA level of NPY by 60% in the hypothalamus as compared to the level in controls. food in the gastric contents of rat pups during the weaning period. The gastric contents were separated into coagulated milk (A) and solid food (B). These two components were weighed and the percentage of milk in the gastric contents (C) was calculated. Each value is the mean ± SEM of 10-12 rats from each age group. *P<0.05 compared with the controls.
AgRP mRNA was also reduced by MSG treatment. There was no difference in POMC and CART mRNA levels between MSG-treated rats and controls (Fig. 3) . Because there was no difference in body weight between MSG-treated rats and controls, MSG did not affect the growth of the rat pups. Rats treated neonatally with MSG exhibited atrophy of the ARC and ME during the weaning period. Because these circumventricular organs have characteristic regions that lack a blood-brain barrier, it has been demonstrated that MSG specifically induces necrosis of neurons in the ARC [21] . Our results show that MSG treatment reduced the number of cells in the ARC of P16 rats. Thus, we conclude that ARC neurons were impaired selectively by MSG treatment before weaning. Additionally, NPY and AgRP mRNA levels decreased in the hypothalamus of MSG-treated rats. There was no difference in POMC and CART mRNA levels between MSG-treated and control rats because POMC and CART are produced in neurons of the ventromedial hypothalamic nucleus and PVN as well as those of the ARC [2] . Because NPY and AgRP mRNAs are only expressed in the ARC [18, 19] , a reduction in these neuropeptide expressions is attributed to the impairment of ARC neurons by MSG.
Earlier studies have shown that the ontogeny of projection pathways from the ARC occurs during P6-16 in mice [4] . The NPY and AgRP innervations of the hypothalamus develop by the third postnatal week [11, 12, 19] . Under normal conditions, regulation of food intake by NPY and AgRP is mediated through Y1 and Y5 receptors and MC3 and MC4 receptors, respectively. These receptors are localized in various brain regions including the PVN, LHA, and ARC [10, 16, 24] . Injection of NPY into the PVN enhanced milk and water intake in neonatal rats [7] . However, ablation of NPY neurons with diphtheria toxin receptor-mediated cell knockout reduced feeding and body weight in adult mice, although neonatal mice were not affected [15] . Because NPY and AgRP were stained with methylene blue (A, P16; scale bar=100 µm). The area of the bilateral ARC was measured in P16, P22, and P26 rats (B). The number of ARC cells was counted in P16, P22, and P26 rats (C). Each value is the mean ± SEM of 3 rats from each age group. *P<0.05 compared with controls. levels increased in the hypothalamus during the first two to three postnatal weeks, it is thought that the NPY/AgRP system begins to function around the weaning period. Kinetic analysis of milk and food intake indicates that the progression of weaning was significantly altered in the MSG-treated rat pups. The MSG-treated pups ingested a large amount of mother's milk in the long term, suggesting an alteration in the selective effect on food intake. Monosodium glutamate treatment appears to cause failure of neuropeptide expression in the ARC. Therefore, we hypothesize that the formation and function of the NPY/AgRP system in the hypothalamus were involved in the regulation of feeding behavior at weaning. However, MSG injection did not completely abolish the intake of solid food during weaning in this study. We assume this is because the function of residual ARC neurons and other mechanisms are involved in the regulation of food intake, indicating extensive complexity in the regulation of weaning. Both nutritional compositions and energy intake shift with the suckling-weaning transition in response to changes in nutritional requirements. Such requirements may be controlled by not only the central nervous system but also by various physiological mechanisms. For example, depletion of glucocorticoid by adrenalectomy induces alterations in the progression of weaning, and expression of the NPY gene is mediated by glucocorticoid [3, 17] . It has also been reported that ARC projections are severely reduced in leptindeficient ob/ob mice and that leptin plays a neurotrophic role during the development of the hypothalamus [5] . These findings are important for understanding the interaction between the central nervous system and peripheral physiological functions in the regulation of food intake at weaning. In conclusion, the present study suggests that the development of the ARC neurons is involved in the process of weaning, but multiple corresponding mechanisms remain to be clarified. 
